Herpesviruses express a multitude of viral proteins with strikingly different functions. Most of the proteins of the prototypic alphaherpesvirus herpes simplex virus 1 (HSV-1) are conserved in other alphaherpesviruses and ca. 50% also in beta-and gammaherpesviruses, indicating not only structural but also functional conservation (2, 9, 34) . However, data on their function are primarily derived from studies of human herpesviruses, in particular, HSV-1, and only relatively few experiments have been performed to address functional relationships and to ascertain the function of specific proteins in nonhuman herpesvirus systems. This relative lack of experimentation is mainly accounted for by the assumption that conservation of structure as deduced by amino acid homology also translates into conservation of function. However, this assumption may not necessarily be valid. Thus, there is a need for comparative functional analysis of herpesviral gene products in different assay systems to elucidate similarities and differences in protein function.
The goal of our studies is to gain a complete picture and understand the role of each of the viral proteins in the replication cycle of the porcine alphaherpesvirus pseudorabies virus (PrV) (37) and at the same time to compare PrV phenotypes with results from other herpesvirus-host systems to unravel similarities and differences in herpesvirus protein function. In recent years we concentrated on the role of viral structural proteins in tegumentation, primary and secondary envelopment, and egress (reviewed in references 38 and 39), focusing on components of the viral envelope and tegument.
Virion components which are conserved throughout the three herpesvirus subfamilies include the products of genes homologous to HSV-1 UL17. Respective proteins in HSV-1 (51) , human cytomegalovirus (HCMV) (59) , and Epstein-Barr virus (EBV) (22) have been shown to be present in purified extracellular virions, and the HSV-1 homolog has been proposed to be located exclusively in the tegument (51) or associated with the capsid and tegument fractions (15, 57) . The subviral localization of the HCMV and EBV homologous proteins has so far not been determined. Since the UL17 protein could thus play a role in tegumentation and envelopment either in the nucleus or in the cytoplasm, we set out to identify and characterize the PrV homolog in our standardized assay system.
The UL17 gene product of HSV-1 is required for cleavage and encapsidation of genomic viral DNA (51), a process which resembles the DNA maturation process of double-stranded DNA (dsDNA) bacteriophages such as P22, T7, and Lambda (44) . In herpesviruses and bacteriophages, DNA which is cleaved from a concatemeric precursor into genome length is packaged into preformed icosahedral capsids by utilizing a two-subunit terminase which in HSV-1 consists of the UL15 and UL28 proteins (52) ; a dodecameric ring of connector or portal protein present at one vertex of the capsid which in HSV-1 consists of the UL6 protein (42, 44) and through which the viral DNA is translocated into the capsid; and a portalcapping protein which in HSV-1 is presumably formed by the UL25 gene product (36, 53) and seals the capsid after DNA is packaged. In the tailed bacteriophages the DNA-containing capsid serves as substrate for the addition of the preformed tail and fibers, while in the herpesviruses it is the major substrate for primary envelopment at the inner nuclear membrane and subsequent release into the cytoplasm for tegumentation and secondary envelopment (reviewed in references 38 and 39). The arrangement of the dsDNA in the capsid appears also very similar in herpesviruses and bacteriophages. It has been described as a liquid crystalline state in which concentric rings with 2.4-to 2.6-nm striations can be visualized by electron microscopy (7, 62) . In contrast to bacteriophage T7 (48) HSV-1 DNA does not appear to possess a central protein plug or spindle inside the capsid around which the genome is arranged, and it has been suggested that the herpesvirus genome is packed as extended, predominantly linear DNA (62) . It was calculated that the closely packed DNA genomes of HSV-1, HCMV, and rhesus monkey rhadinovirus would occupy approximately 90 to 92% of the total available space, suggesting that genomes are packed as naked DNA without associated histone-like basic proteins (61) .
Besides a more spherical procapsid three types of icosahedral capsids can be differentiated in herpesvirus-infected cells in electron microscopic and biochemical analyses. They have been designated A-, B-, and C-capsids (14, 49) . B-capsids, which contain an internal ringlike structure formed by the scaffold protein, have been considered precursors of A-and C-capsids, although they may actually represent dead-end structures (57) . C-capsids lack the internal scaffold but contain viral genomic DNA and can mature into infectious virions. In contrast, A-capsids contain neither the internal scaffold nor DNA and are probably the result of a failed DNA packaging event (21) . By using a panel of recombinant baculoviruses expressing the UL18, UL19, UL26.5, UL26, and UL38 genes, assembly of HSV-1 B-capsids has been successfully reconstituted in vitro (43, 54, 58) , showing that these proteins are sufficient for capsid formation.
Cleavage of viral concatemeric DNA into unit-length genomes and stable packaging into the preformed capsid requires the products of the HSV-1 UL6, UL15, UL17, UL25, UL28, UL32, and UL33 genes (1, 3, 4, 21, 33, 46, 50, 55, 56) which are conserved in all subfamilies of Herpesviridae (2, 9, 34) . Mutants deficient in these genes show characteristic phenotypes, with an intranuclear accumulation of concatemeric viral DNA and the concomitant absence of C-capsids (53) . The only exception is a mutant defective in UL25 in which cleavage occurs and B-as well as A-capsids are found, indicating that UL25 plays a role in a later stage of the packaging process, which is in line with its proposed function as a portal-capping protein (36, 53) . Of the seven proteins mentioned above, only UL6, UL17, and UL25 have been found in significant amounts in the mature HSV-1 virion.
The HSV-1 UL33 protein forms a complex with the UL15 and UL28 gene products, and it was therefore suggested that it constitutes a third component of the terminase (5, 6) . HSV-1 UL32 is thought to be involved in efficient localization of capsids to replication compartments, directing preassembled capsids to the site of DNA packaging (33) . A similar function has been suggested for the HSV-1 UL17 protein (55) . Since this protein could not be detected as an integral part of capsids but was found in the tegument fraction, it was proposed that it constitutes a new class of DNA cleavage-encapsidation proteins (51) . However, by immunoblot analysis of purified viral particles the HSV-1 UL17 protein appeared to be associated with A-, B-, and C-capsids (15) as well as with procapsids and L-particles (57) . Therefore, Preston and colleagues suggested that UL17 functions in two structural components, in the capsid as well as in the tegument (57) . This uncommon distribution of UL17 led to the speculation that UL17 might be necessary for the initial envelopment of C-capsids, probably by interacting with UL31 and/or UL34 primary tegument and envelope proteins (57) . In contrast, the association of UL17 with procapsids would imply a role at an early stage of DNA packaging.
The proteins necessary for cleavage-encapsidation of PrV DNA have not been investigated comprehensively. A PrV UL28 deletion mutant failed to cleave concatemeric viral DNA into unit-length genomes, resulting in a block in capsid maturation (40) . On the basis of the demonstration that the HSV-1 UL15 protein can transport PrV UL28 from the cytoplasm into the nucleus, suggesting that both proteins form a complex, a terminase function for PrV UL15/UL28 can be assumed (31) . The PrV UL25 protein is present in purified virions and was found associated with all forms of capsids (23) , but no clear function has been assigned yet. Neither the gene products nor the function of PrV UL6, UL17, UL32, or UL33 has been investigated up to now.
For identification and functional characterization of the PrV UL17 gene product, we generated a monospecific antiserum and constructed and characterized a virus mutant lacking most of the UL17 open reading frame after mutagenesis of a bacterial artificial chromosome (BAC) clone of PrV (30) . We show that, like its HSV-1 homolog, PrV UL17 is essential for viral replication and necessary for cleavage and packaging of viral DNA. However, by immunoelectron microscopy the PrV UL17 protein was not detected in A-capsids but was found associated with the outside of B-capsids and within C-capsids. Thus, it appears to be incorporated into capsids concomitant with genomic DNA. Moreover, the UL17 protein was not found in the tegument of mature virions or in L-particles, indicating that the PrV UL17 gene product is an internal capsid protein.
MATERIALS AND METHODS
Viruses and cells. All PrV mutants analyzed were derived from PrV strain Kaplan (Ka) (24) . Viruses were grown on rabbit kidney (RK13) or porcine kidney (PSEK) cells in minimum essential medium supplemented with 10% or 5% fetal calf serum, respectively. Generation of PrV-⌬UL28 (previously designated 332-31) has been described elsewhere (40) .
Construction of PrV-⌬UL17F and complementing cell line. The complete UL17 open reading frame was excised from cloned BamHI fragment 3 by cleavage with BamHI and NcoI ( Fig. 1 ) and inserted into BamHI-and EcoRIdigested pUC19 after Klenow treatment of the EcoRI and NcoI sites to obtain plasmid pUC-UL17. To delete the major part of the UL17 coding sequence, pUC-UL17 was digested with BmgBI, thereby removing codons 23 to 444 of the 597-codon open reading frame (Fig. 1 ). The deleted sequence was replaced with a Klenow-treated 1,258-bp BstBI fragment of pKD13 (11), which contains the kanamycin resistance gene flanked by flp recognition target sites. The complete insert of the generated plasmid pUC-⌬UL17kanF was amplified by PCR using vector-specific primers M13 (-47) and M13 reverse (-48) (New England Biolabs, Frankfurt am Main, Germany) and Pfx DNA polymerase (Invitrogen, Karlsruhe, Germany). The PCR product was used for Red recombinase-mediated mutagenesis of the PrV BAC clone pPrV-⌬gB as described previously (30) . After isolation of kanamycin-resistant clones, the kanamycin cassette was removed using flp recombinase provided by plasmid pCP20 (10) . The gB gene was finally restored by cotransfection of BAC pPrV-⌬UL17F and plasmid pUC-B1BclI (16, 30).
Several plaque isolates of the transfection progeny were characterized, and one was randomly chosen and designated PrV-⌬UL17F. Correct deletion of UL17 sequences was verified by Southern blot analysis (data not shown).
For generation of a stably UL17-expressing cell line the complete UL17 open reading frame was cloned as a BamHI/EcoRI fragment from plasmid pUC-UL17 (see above) into appropriately cleaved eukaryotic pcDNA3 expression vector (Invitrogen). After transfection into RK13 cells by use of Superfect transfection reagent (QIAGEN, Hilden, Germany) G418-resistant cell clones were picked and tested by immunoblot and indirect immunofluorescence analysis for expression of UL17 by use of monospecific anti-UL17 rabbit serum.
Preparation of UL17 antiserum. To generate a monospecific antiserum, the complete UL17 open reading frame, including 54 normally nontranslated upstream nucleotides, was cloned in frame with glutathione S-transferase (GST) into the prokaryotic expression vector pGEX-4T-1 (Amersham Biosciences, Freiburg, Germany). To this end, pUC-UL17 was digested with BamHI and EcoRI and cloned into appropriately cleaved pGEX-4T-1 vector. Correct insertion was verified by sequencing (data not shown). The ca. 90-kDa GST-UL17 fusion protein was eluted from a sodium dodecyl sulfate (SDS)-8% polyacrylamide gel (32) and used for immunization of a rabbit as described recently (27, 29) . Serum obtained after the fifth immunization was used throughout this study.
Virus purification and immunoblotting. Virus purification and preparation of infected cell lysates were performed as described previously (27) . Parallel blots were incubated with monospecific antisera against the UL17 (1:50,000) (this study), UL16 (1:50,000) (28), UL37 (1:100,000) (27) , and UL49 (1:100,000) (8) gene products and envelope glycoprotein H (gH) (25) .
Indirect immunofluorescence and confocal laser scan microscopy. RK13 cells were infected with PrV-Ka or PrV-⌬UL17F at a multiplicity of infection (MOI) of 10 or were mock infected. At 6 h after infection, cells were fixed with cold acetone for 20 min at 20°C. Fixed cells were incubated with anti-UL17 serum (dilution, 1:300) for 1 h at room temperature followed by Alexa-488-conjugated anti-rabbit secondary antibody (Molecular Probes, Leiden, The Netherlands). Fluorescence was preserved in a 9:1 mixture of glycerol and phosphate-buffered saline containing 2.5 mg 1,4-diazabicyclooctane per ml. The slides were analyzed with a confocal laser scan microscope (LSM510; Zeiss, Göttingen, Germany).
Electron microscopy. Immunolabeling of purified virion preparations was performed as described previously (60) . For analysis of ultrathin sections, RK13 and RK13-UL17 cells were infected at an MOI of 1 with PrV-Ka or PrV-⌬UL17F and incubated for 14 h at 37°C. Fixation for epoxy embedding in Glycid ether 100 (Serva, Heidelberg, Germany) was performed with 2.5% buffered glutardialdehyde and 1% osmium tetroxide; for acrylic embedding in Lowicryl K4M (Lowi, Waldkraiburg, Germany), only 0.5% buffered glutardialdehyde (17) was used. Intermediate embedding in low-melting-point agarose (Biozym, Oldendorf, Germany), dehydration, and resin embedding were performed as described earlier (18) (19) (20) . For postembedding labeling Lowicryl ultrathin sections were blocked at the surface with 1% cold-water-fish gelatin-0.02 M glycine-1% bovine serum albumin (Sigma, Deisenhofen, Germany) in phosphate-buffered saline for 2 h and then incubated with monospecific antisera for 2 h at room temperature. Labeling with 5-or 10-nm goat anti-rabbit colloidal gold particles (GAR 5 or GAR 10; British Biocell International, Cambridge, United Kingdom) was performed for 1 h at room temperature. Particles with more than three gold dots were considered positive. Ultrathin sections of epoxy-embedded cells and labeled Lowicryl sections counterstained with uranyl acetate and lead salts were examined with a transmission electron microscope (EM 400 T or Tecnai 12; Philips, Eindhoven, The Netherlands).
One-step growth analysis and plaque assays. One-step growth analysis was performed as described previously (27) . RK13 or complementing RK13-UL17 cells were infected with PrV-Ka or PrV-⌬UL17F at an MOI of 10, and cells and supernatant were harvested 0, 4, 8, 12, 24, and 36 h postinfection (p.i.). Titers of progeny virus were determined on RK13-UL17 cells. For plaque assays RK13 or RK13-UL17 cells in six-well culture dishes were infected with approximately 100 PFU of PrV-Ka and PrV-⌬UL17F (for RK13-UL17) or 1,000 PFU of PrV-⌬UL17F (for RK13). At 2 days postinfection, cells were fixed with ethanol and stained with a monoclonal antibody against gC (B16-c8) (45) . Fluorescent plaques were documented with a digital camera (C3040 Zoom; Olympus, Hamburg, Germany).
Preparation of virus DNA and Southern blotting. RK13 or RK13-UL17 cells were infected with PrV-Ka, PrV-⌬UL17F, or PrV-⌬UL28 (40) at an MOI of 1 and incubated until cells showed a clear cytopathic effect. Infected cells were collected by low-speed centrifugation, and DNA was extracted with phenol after lysis and pronase digestion and precipitated with ethanol. DNA was cleaved with BamHI and transferred onto nylon membranes by use of standard techniques. Filters were probed with radioactively labeled genome end-specific BamHI fragments 13 and 14Ј (Fig. 1) . Bound radioactivity was recorded using a phosphorimager (FLA-3000; Raytest, Straubenhardt, Germany). 
RESULTS
Identification of the PrV UL17 gene product. The sequence for the PrV UL17 gene has been determined only recently (26) . As with other members of the herpesvirus family, the PrV UL17 gene is located within the intron of the spliced UL15 gene immediately upstream of the UL16 open reading frame (Fig. 1) . The PrV UL17 gene encodes a protein of 597 amino acids with a predicted molecular mass of 64 kDa (26) . The amino acid sequence contains a predicted nuclear localization signal ("RRRP" pat4) (http://psort.ims.u-tokyo.ac.jp) (41) located at amino acids 304 to 307. To identify the corresponding protein product the complete UL17 open reading frame, including 18 upstream normally nontranslated codons, was expressed as a GST fusion protein in Escherichia coli and used for immunization of a rabbit. The generated antiserum specifically detected an approximately 64-kDa protein in lysates of PrV-Ka-infected cells (PrV-Ka L; Fig. 2 ) as well as in purified virion preparations (PrV-Ka V; Fig. 2) , which identifies the PrV UL17 protein as a structural virion component. The size of the detected protein correlates well with the predicted molecular mass. No specific signal was found in lysates of mockinfected RK13 cells (mock; Fig. 2 ) or cells infected with the UL17 deletion mutant (PrV-⌬UL17F L; Fig. 2) . As a control, parallel blots were incubated with sera against tegument proteins UL37, UL16, and UL49 and envelope glycoprotein gH.
In indirect immunofluorescence analysis of PrV-infected cells, UL17-specific fluorescence was found predominantly in small dots in the nucleus. However, it was also detectable in punctate structures in the cytoplasm, which, however, were fewer in number and less intensely stained (Fig. 3) . Cells infected with the UL17 deletion mutant or mock-infected cells showed no specific fluorescence (Fig. 3) .
Subviral localization of PrV UL17. HSV-1 UL17 has originally been described as a tegument protein (51) but has recently been proposed to be localized in the capsid as well as tegument fractions (57) . To directly locate the PrV UL17 protein in the virus particle, immunoelectron microscopy was performed on purified virions. To this end, sucrose gradient-purified PrV-Ka virions (Fig. 4A) were incubated with the anti-UL17 serum followed by negative staining (Fig. 4B to E) . Labeling was scored positive when more than three gold grains were associated with the respective virus particle. Intact viri -FIG. 2 . Identification of the PrV UL17 protein and characterization of PrV-⌬UL17F. Purified PrV-Ka virions (PrV-Ka V) or lysates of cells infected with PrV-Ka (PrV-Ka L) or PrV-⌬UL17F (PrV-⌬UL17F L) or mock-infected RK13 cells (mock) were separated on sodium dodecyl sulfate-10% polyacrylamide gels and incubated with monospecific antisera against the UL17, gH, UL37, UL16, and UL49 proteins. The locations of molecular mass markers are indicated on the left.
FIG. 3. Intracellular localization of PrV UL17
. RK13 cells were infected with PrV-Ka or PrV-⌬UL17F at an MOI of 10 or mock infected and were fixed with ice-cold acetone 6 h later. Immunofluorescence analysis was performed by laser scanning microscopy using the UL17-specific antiserum and Alexa 488-conjugated secondary antibodies (green). Chromatin was counterstained with propidium iodide (red). (Fig. 4B inset, 4C inset, and 4D and 4D inset; only 8 of 47 visibly damaged capsids were found unlabeled). UL17 label could sometimes also be found emanating from the capsid (Fig. 4B inset; see also Fig. 5B and C) .
FIG. 4.
Immunoelectron microscopy of purified PrV-Ka virions. Purified PrV-Ka virions (A) were incubated with monospecific antisera against the UL17 (B to E), UL19 (F), UL36 (G), UL48 (H), and UL11 (I) proteins or gB (J). Reactivity of the antisera was visualized after incubation with 10 nm-diameter-gold-tagged secondary anti-rabbit antibodies. Bars represent 100 nm.
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These data suggest that the UL17 protein is located within the capsid and is extruded when the capsid loses its integrity. This indicates that the bulk of the antigen may be masked by the capsid, which argues against a location of the major portion of virion-associated UL17 protein in the tegument that surrounds the capsid. However, specific label was also detected on single, seemingly intact capsids ( Fig. 4B and E) . For a control, the same virus preparation was labeled with antisera against the major capsid protein UL19 (Fig. 4F) , the capsid-proximal tegument component UL36 (Fig. 4G) , the major tegument protein UL48 (Fig. 4H) , the membrane-associated tegument protein UL11 (Fig. 4I) , and envelope glycoprotein B (Fig. 4J) . Specific labeling for the tegument proteins UL11, UL36, and UL48 was found only on virus particles with partially disrupted envelope. The serum specific for the major capsid protein labeled all isolated capsids but not intact virions (Fig. 4F) , whereas the serum against viral envelope glycoprotein B heavily labeled enveloped particles (Fig. 4J) . The tight association of the PrV UL17 protein with DNA packaging is also evident in Fig. 5 . For higher marker density only 5-nm gold particles were used for panels A and C, and counterstaining was omitted for better visualization of the marker. In ultrathin sections of PrV-Ka-infected RK13 cells UL17-specific labeling was detected in close proximity to scaffold-containing intranuclear B-capsids (Fig. 5A to C and 5F; 51 of 68 observed particles were labeled) and on DNA-containing C-capsids ( Fig. 5D to F; 58 of 76 observed particles were labeled) and in mature virions (Fig. 5G) . Interestingly, the label on B-capsids was found primarily around the capsid, while on C-capsids the gold particles were always found concentrated in the center of the particle (Fig. 5D and F) . None of the eleven identified A-capsids were labeled (Fig. 5E ), implying that UL17 capsid association is linked to the presence of DNA. On scaffold-containing intranuclear B-capsids UL17 labeling was predominantly found on the outside of the capsid (Fig. 5A) , sometimes in rows emanating from the capsid ( Fig.  5B ; see also Fig. 4B inset) . In rare cases, the label appeared to extend toward the inside of a B-capsid (Fig. 5C ). We speculate that this could be a capsid during DNA packaging. In the C-capsid shown in Fig. 5D , which had already packaged viral DNA (as demonstrated by its electron-dense interior), gold particles were concentrated in the center of the particle. Only complete virions but not L-particles, which were identified by their lack of a capsid structure, were labeled by the anti-UL17 serum (Fig. 5G) , whereas labeling specific for the UL48 tegument protein was detectable in complete virions and L-particles (Fig. 5H ). These data indicate that UL17 is packaged together with the newly replicated DNA into the capsid and suggest that the UL17 protein is a major internal capsid protein but presumably not a prominent component of the tegument. Isolation and characterization of PrV-⌬UL17F. Since this particular ultrastructural localization of the PrV UL17 protein could correlate with a role in cleavage and encapsidation of viral DNA, as has been shown for the homologous protein of HSV-1 (51, 57), we functionally characterized PrV UL17 by isolation of a deletion mutant lacking amino acids 23 to 444 of the 597-amino-acid protein. The UL17 gene is located in the intron of the UL15 gene; to avoid any negative effects on the transcription of the adjacent UL16 gene (Fig. 1) , site-specific mutagenesis of a recently described BAC clone of PrV (30) was performed. Infectious progeny could only be isolated on a cell line stably expressing the UL17 protein, indicating that the protein is required for viral replication. In immunoblot analysis (Fig. 2) and immunofluorescence (Fig. 3) , absence of UL17 from PrV-⌬UL17F-infected RK13 cells could be verified. Immunoblot analysis with a UL16-specific antiserum showed that expression of UL16 was not affected by the UL17 deletion (Fig.  2) .
To investigate the defect in replication, one-step growth analyses (Fig. 6A ) and plaque assays (Fig. 6B) were performed. After infection of RK13 cells with PrV-⌬UL17F, only very few infectious particles (not exceeding 10 3 infectious units per ml) were detectable, while on RK13-UL17 cells the deletion mutant replicated with kinetics similar to PrV-Ka kinetics, indicating that the defect is indeed solely due to deletion of UL17. Only single infected RK13 cells or very small syncytia were detectable at 2 days postinfection, indicating that cell-cell spread is significantly inhibited in the absence of PrV UL17 but that plaque formation could be fully rescued on RK13-UL17 cells (Fig. 6B) .
PrV-⌬UL17F does not cleave or package viral DNA. Since the HSV-1 UL17 protein is necessary for cleavage and encapsidation of viral DNA (51), we investigated whether replicative concatemeric DNA is cleaved in PrV-⌬UL17F-infected cells. Whole infected-cell DNA was isolated, digested with BamHI, separated on a 0.8% agarose gel, blotted, and hybridized with the viral terminal genomic fragments BamHI-13 ( Fig. 7) and BamHI-14Ј (data not shown). For control, DNAs of cells infected with the parental PrV-Ka or PrV-⌬UL28, which has been shown to be defective for DNA cleavage and encapsidation (40), were included. As is evident in Fig. 7A , the terminal BamHI fragment 13 was not detectable in PrV-⌬UL17F DNA, indicating that cleavage to unit-length genomes did not occur. In parallel, the amount of the junction fragment containing the fused genome end fragments 13 and 14Ј strongly increased. A similar finding was obtained when DNA of cells infected with PrV-⌬UL28 was analyzed. In contrast, a BamHI-13-specific signal was detectable in PrV-⌬UL17F DNA isolated from the UL17-expressing cells (Fig. 7B) , while the defect in PrV-⌬UL28, as expected, was not complemented on this cell line. In DNA isolated from PrV-Ka-infected cells, the terminal fragments could easily be identified.
In electron microscopic analyses of PrV-⌬UL17F-infected RK13 cells, extracellular virions or nucleocapsids in the cytoplasm were not detectable (Fig. 8A) . In the nucleus, only B-capsids, which were sometimes found in paracrystalline structures, were observed (Fig. 8B) . The absence of C-capsids indicates that packaging is blocked before DNA is inserted into the capsid and before the scaffold protein is expelled. In the cytoplasm (Fig. 8A and C) and on the cell surface ( Fig. 8A and  D) , numerous electron-dense L-particles were visible, indicating that envelopment of cytoplasmic tegument occurs in the absence of UL17. Unimpaired virion morphogenesis and egress of mature virions was found on cells stably expressing UL17 (Fig. 8E) , with C-capsids in the nucleus (Fig. 8F ) and virus particles in transport vesicles in the cytoplasm (Fig. 8E) as well as complete virions on the cell surface (Fig. 8G ). This correlates with the results obtained with the homologous HSV-1 protein and demonstrates that the two proteins execute similar functions in replication of the respective viruses.
DISCUSSION
In our endeavor to analyze individually the products of the 70 structural genes of the alphaherpesvirus PrV (26) in an isogenic strain background by use of standardized assay systems, we studied the role of the UL17 protein. The HSV-1 UL17 gene product has been shown to be a nuclear protein required for cleavage and encapsidation of replicative concatemeric DNA (51, 57) . Moreover, it has been proposed to be localized not only in the capsid, which would correlate with its role in genome packaging, but also in the tegument (51, 57) . The latter could indicate (i) that it plays a role in virion morphogenesis beyond DNA packaging; (ii) that part of the tegument is assembled in the nucleus and retained during passage of nucleocapsids through the nuclear membrane; and (iii) that the UL17 protein may be a candidate for interaction with the primary tegument protein UL31 and/or primary envelope protein UL34 to direct intranuclear capsids to the primary envelopment site (57).
The salient findings in this paper are the following: (i) like the HSV-1 homolog, the PrV UL17 protein is a nuclear protein required for cleavage and encapsidation of replicated concatemeric viral DNA, which demonstrates a conserved function for this conserved protein; (ii) the PrV UL17 protein is present in capsids, apparently in parallel with viral DNA; and (iii) the PrV UL17 protein has not been detected in tegumentcontaining L-particles. Thus, our studies corroborate a role for UL17 in the formation of nucleocapsids but do not support a role for UL17 in virion morphogenesis beyond this step.
PrV UL17 is a structural component of purified virions, as has been shown for several other herpesviruses such as HSV-1 (51, 57), EBV (22) , and HCMV (59) . However, its subviral distribution has only been analyzed in HSV-1 (15, 51, 57) . Although HSV-1 UL17 was originally designated a tegument protein (51) , recent data indicated that it is a component of the capsid which seems to be associated with all types of capsids (procapsids and A-, B-, and C-capsids), as judged by immunoblot analyses of purified capsid preparations (57) . Moreover, when L-particle fractions isolated by ultracentrifugation were used, the HSV-1 UL17 protein was also detected in L-particles. Our study was the first that directly visualized localization of the PrV UL17 protein in infected cells by immunoelectron microscopy using a highly potent monospecific anti-UL17 antiserum. This approach is not prone to misinterpretation due to the unavoidable contamination of purified virus particle fractions by other viral components, since it allows a direct identification of the labeled virion structures. However, we realize that interpretation of electron microscopic images may be subjective. Moreover, limits of detection may be different. In any case, our studies show a high density of UL17 label on negatively stained virion preparations, primarily at capsids with apparent damage, but not on intact virions, virions with intact capsids but disrupted envelope, or isolated capsids (Fig. 4B to  E) . This argues against a location of a major portion of the UL 17 protein in the tegument. Moreover, in thin sections label was detected on mature DNA-containing capsids, whereas no label was present at empty A-capsids, which lack the typical scaffold and probably result from abortive packaging attempts (Fig. 5E) . In B-capsids, which contain a scaffold and which are considered able to package DNA, label was either absent or found dispersed around the particle (Fig. 5F) . Although a more precise localization was not possible with the immunolabeling technique due to the distance between the antigen and the antibody-bound gold particle, the clearly diverse labeling patterns indicate that UL17 is incorporated into the capsid in parallel with viral DNA. In the absence of UL17, DNA concatemers are not cleaved into unit-length molecules and no mature capsids are found, which shows that UL17 is necessary for this process. The absence of A-capsids, which are thought to be the result of a failed packaging event, in PrV-⌬UL17F-infected cells indicates that in this case the packaging reaction had not been initiated.
In rare cases label was also present around seemingly intact capsids in purified virion preparations or emanating from them ( Fig. 4B and E) . However, it is known that during purification herpesvirus capsids may specifically lose vertices due to the disintegration of penton (12) . Thus, it is conceivable that in these cases capsids indeed lost part or all of their vertices with concomitant extrusion of the content.
The PrV UL17 protein is primarily located in the nucleus, as shown by immunofluorescence with our monospecific antiserum (Fig. 3A) . This correlates with its role in intranuclear capsid maturation. Nuclear localization is presumably mediated by a nuclear localization signal present in the amino acid sequence. However, punctate staining was also observed in the cytoplasm of infected cells, which is consistent with the demonstration of PrV-UL17 as a virion structural component.
Interestingly, we were unable to detect the PrV UL17 protein in L-particles (Fig. 5G ), which were identified by their lack of a capsid. L-particles mature by intracytoplasmic envelopment of tegument proteins without the need for inclusion of a nucleocapsid (35). L-particle formation is particularly prominent in cells which are infected with herpesvirus mutants deficient in several steps of secondary envelopment (see, e.g., reference 13). Thus, our results deviate from those obtained with HSV-1 (57) which demonstrated the presence of the UL17 protein in purified L-particle fractions by immunoblotting. This discrepancy could be due to actually different locations of the two proteins despite a similar function in DNA packaging, which would again highlight the necessity for comparative analyses of homologous gene products. Alternatively, the detection limits for the immunological procedures (immu- FIG. 7 . Defect in cleavage of concatemeric viral DNA in the absence of PrV UL17. RK13 (A) or RK13-UL17 (B) cells were infected with PrV-Ka, PrV-⌬UL17F, or PrV-⌬UL28 at an MOI of 1. Cells were harvested at approximately 12 h p.i., and DNA was isolated, digested with BamHI, and separated on a 0.8% agarose gel. After transfer to nylon membranes, DNA was probed with labeled genome end-specific BamHI fragment 13. BamHI-13 hybridized to fragments BamHI-8Ј and BamHI-13, which share homologous sequences since they are both derived from the inverted repeat regions (see Fig. 1 ), and the junction fragment composed of BamHI-13 and BamHI-14Ј, which is derived from head-to-tail concatemeric DNA. noblotting, immunoelectron microscopy) could be different so that in our studies the amount of L-particle-associated UL17 protein may have been below the detection level. However, the difference can also be explained by cross-contamination of preparations of the different viral structures after differential centrifugation (57), whereas our studies, which unambiguously visually identified single viral particles, were not prone to this confounding effect.
The location of the PrV UL17 protein within the mature capsid correlates with its function in DNA cleavage-encapsidation and parallels its predominant localization in the nucleus of infected cells. It also suggests that the PrV UL17 protein, being internally enclosed in the mature capsid, which is a substrate for primary envelopment, may not play a role in primary and/or secondary envelopment of nucleocapsids. Bcapsids, which exhibited some label also around the capsid, normally do not undergo primary envelopment. Thus, so far the only tegument protein which has been detected unequivocally in both primary enveloped and mature PrV or HSV-1 particles is the US3 protein (18, 47) .
There are striking similarities between dsDNA bacteriophages and herpesviruses as concerns genome replication, capsid formation, and genome packaging (3). However, whereas genomic DNA of, e.g., bacteriophage T7 is present in the capsid associated with protein (48), packaged herpesvirus DNA has been proposed not to be protein associated, primarily on the basis of calculations of the available space in the herpesvirus capsid (61) . Our data indicate that herpesvirus genomic DNA in the nucleocapsid may be associated with the UL17 protein, which would point to another intriguing parallel to the bacteriophages.
